In a previous publication (45) data were presented to show that large amounts of glutamine, asparagine, amino acids, and other forms of soluble nitrogen, accumulated in the sap of the tops of corn seedlings in response to the absorption of large amounts of ammonium nitrogen from culture solutions. Ammonia did not accumulate in the sap and visible injury did not result until the soluble forms of organic nitrogen had reached relatively high levels. The pH of the sap, the total and reducing sugars, and the "true protein" nitrogen remained relatively stable during the period of ammonium absorption. It is the purpose of this paper to present data for the roots and tops in greater detail showing the probable site of the metabolism of the absorbed ammonium and further information on the nature of the soluble nitrogen compounds synthesized.
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In a previous publication (45) data were presented to show that large amounts of glutamine, asparagine, amino acids, and other forms of soluble nitrogen, accumulated in the sap of the tops of corn seedlings in response to the absorption of large amounts of ammonium nitrogen from culture solutions. Ammonia did not accumulate in the sap and visible injury did not result until the soluble forms of organic nitrogen had reached relatively high levels. The pH of the sap, the total and reducing sugars, and the "true protein" nitrogen remained relatively stable during the period of ammonium absorption. It is the purpose of this paper to present data for the roots and tops in greater detail showing the probable site of the metabolism of the absorbed ammonium and further information on the nature of the soluble nitrogen compounds synthesized.
No attempt will be made to review the extensive literature on the nitrogen metabolism of plants since several excellent reviews are available (2, 20, 46) , but attention will be confined to that dealing with the nitrogen nutrition of corn insofar as it is related to this investigation. In spite of the great economic importance of corn surprisingly little has been reported concerning its nitrogen metabolism. As early as 1868 BOUSSINGAULT (cited by CHIB-NALL (2) ) reported that asparagine was formed in corn germinated in the dark. More modern reports are those of PRIANISCHNIKOW (26) who showed the necessity of carbohydrates for the formation of asparagine in corn and JODIDI (13) who crystallized asparagine from etiolated corn seedlings. KLEIN and TAUBOCK (16) demonstrated that corn in sterile culture solutions would absorb arginine and would decompose it completely within the plant without urea being one of the products that accumulated. Alkaloids are rarely found in the monocotyledons. Hydrocyanic acid and eyanogenic glycosides rarely occur in corn and when present occur only in traces according to a review of the literature by VAN DER WALT (36 each crock containing 7 liters of Hoagland solution for the preliminary growth period. After the period of nitrogen depletion in minus-nitrogen solutions, 15 plants were harvested as a control, 60 meq./l. of (NH4)2SO4 were added to the remaining solutions, and after 7 days, 15 plants were harvested. In this experiment the pH of the culture solution during the period of ammonium absorption had to be frequently adjusted with 1 N NaOH to maintain the pH at approximately 6.0.
IHARVESTING AND SAP PREPARATION METHODS
At harvest the plants were separated into roots and tops by cutting the stalk just above the whorl of adventitious roots. The roots were washed twice in distilled water and the excess removed by whirling the roots in a cheesecloth bag under comparable conditions for each set. Fresh weights were taken on tops and roots, the material cut into one-inch lengths, thoroughly mixed and subsamples taken for moisture determinations by drying for 48 hours in a 70°C. oven. This dried material was ground finely in a Wiley mill and used for sugar, total nitrogen, and "true protein" determinations. The remainder of the fresh material was wrapped in cheese cloth, placed in individual glass jars with screw caps and quickly frozen in the freezing compartment of a refrigerator. Until analyses could be made the frozen material was stored at -200 F. The commonly determined nitrogen fractions are not altered by freezing and frozen storage (21).
Investigations (1, 30) have shown that successive increments of expressed sap from plant tissues previously frozen are similar in composition with respect to ions and compounds in true solution and that estimates of composition can be calculated to a dry weight basis as accurately from sap analyses as from analyses on dried material (30) . Therefore, sap analyses was chosen since glutamine is unstable unless the green material can be dried rapidly under carefully controlled conditions (27, 42) . Soluble nitrogen fractions estimated on the sap are calculated to a dry weight basis on the assumption that the sap remaining in the press cake, estimated from its moisture content, is similar in composition to that expressed. Corrections have not been made for total solids in the sap, and the values calculated in this way may be slightly low (30 (17) . Total nitrogen and "true protein" nitrogen were determined by the Kjeldahl-Gunning method, the latter on the residue from the alcoholic extraction for sugars followed by exhaustive extraction with boiling water by a procedure similar to that recommended by VICKERY et al. (44) . Total nitrogen determinations on dry material and sap were not modified to include nitrate since the nitrogen depletion of the plants prior to experiment reduced this constituent to a low level.
SAP.-Ammonia nitrogen was run, the same day the sap was expressed, ,by the procedure of PUCHER, VICKERY, and LEAVENWORTH (27) . Glutamine and asparagine amide nitrogen were determined the following day by the differential-hydrolysis method of VICKERY, PUCHER, et al. (42) GROWTH AND GENERAL APPEARANCE The objective in experiment 1 was to gradually increase the ammonium concentration of the solution until the plants were definitely injured. At the end of 6 days the leaves were showing a slight dieback at the ends and tiny yellow blotches on the blades, but pronounced injury was not apparent until the end of 13 days when the plants had been in 120 meq./l. (NH4)2S04 for 7 days. The leaf tips showed considerable injury and large necrotic areas appeared on the blades. The leaves were rolled, indicating a severe water deficit, and the roots were turning brown. The roots, however, were apparently still living as indicated by their ability to exclude ammonium, which had a coneentration of 1,450 mg. NH3-N/l. by analysis in the final culture solution as compared with 140 mg. NH3-N/l. in the expressed sap. In experiment 2 in which the ammonia concentration of the external solution was not raised to as high a level, a few of the leaf blades were showing white necrotic areas at the end of 7 days, and during the day when the greenhouse temperature was 80-90' C. the leaves showed signs of severe moisture deficit.
The data show that during the period of ammonium nutrition the plants gained appreciably in dry weight in both the tops and in the roots. The most conspicuous effect of ammonium nutrition of corn under these conditions is the decrease in moisture content of the tops of the plants, and to a lesser extent in the roots, evidencing itself in the loss of turgor and the inrolling of the leaves.3 Because of this loss of water from the tissues, the changes in soluble nitrogen compounds on a dry weight basis are not as great as they are on a sap concentration basis. Thus the factor to convert mg. N/l. of sap to mg. N/kg. dry weight decreases from 11.25 for the control (0 days) to 7.06 for the tops of plants harvested at 13 days in experiment 1. However, the magnitude of the increases in various nitrogen compounds is so great that the same general picture is obtained whether the data are compared on a sap concentration (45) or on a dry weight basis.
CHANGES IN CHEMICAL COMPOSITION
The data for tops and roots in both experiments show that the fissues increased in total nitrogen and that the increase was largely confined to an increase in the total soluble nitrogen with the possible exception of the second experiment in which there appeared to be a significant increase in the "true protein" nitrogen of the tops. This accumulation of total soluble nitrogen was so great that in experiment 1 the soluble nitrogen amounted to over 60 per cent. of the total nitrogen of the tops at the end of the experiment as compared with 25.7 per cent. for the tops after growth in the (NH4) 2SO4 containing solution for 3 days. Large increases in glutamine, asparagine, and residual amino nitrogen occurred in the roots and tops in both experiments. A slight but probably significant upward shift in the pH of the sap occurred during the period of ammonium nutrition, perhaps due to the neutralization of organic acids by the gradual accumulation of ammonium, but the pH is much higher than in those "acid plants" which can accumulate large amounts of ammonium as the cation of organic acids (28, 29) . The pH of the sap did not become alkaline as MEVIUS (19) found for corn grown in ammonium solutions of alkaline reaction. In no case did ammonium accumulate before the other soluble nitrogen constituents had reached relatively high levels and the plants were showing or beginning to show evidence of injury.
The level of carbohydrates, as measured by total sugars or reducing sugars and sucrose, remained comparatively high throughout the experimental period indicating that available carbohydrate at no period during ammonium nutrition could have been limiting the assimilation of ammonium. In both experiments there appears to be a significant downward trend in the total sugars of the roots, which may be related to the site of ammonium assimilation to be discussed later.
In experiment 1 (table I) the "non-amino basic nitrogen" determined on the tops also shows a large increase. This fraction was obtained by subtracting from the nitrogen precipitated by phosphotungstic acid from the trichloracetic acid filtrates, according to the procedure of UMBREIT and WIL-SON (35) , the difference in amino nitrogen of the trichloracetic acid filtrate and the filtrate after the precipitation of "basic nitrogen." As previously pointed out the trichloracetic acid filtrate contains appreciable amounts of polypeptides and higher polymers of amino acids; and hence included in the "non-amino basic nitrogen" is much peptide nitrogen (35, 22) , the nona-amino portion of basic amino acids, cyclic nitrogen compounds, and unknown entities containing nitrogen. In spite of the indefinite character of this material the data do indicate that the accumulation of compounds other than ammonia, glutamine, asparagine and residual amino nitrogen has occurred. Subtraction of the sum of all of these mentioned categories of nitro-gen from the total soluble nitrogen for the tops reveals that there is still considerable "rest" or unidentified nitrogen in the sap and that this fraction also increases during ammonium nutrition.
To get further information on the nature of the compounds elaborated a more detailed study was made of the sap of the tops of plants in experiment 2 (table II) . Aliquots of sap deproteinized with 3 per cent. trichloracetic acid were acid-hydrolyzed and a-amino, humin, phosphotungstic-acid nium nutrition. This is not surprising in view of the probable source of humin from amino acids condensing with aldehydes, etc., and to the fact that the peptides and amino nitrogen had increased during the same interval. Since the humin nitrogen probably came from either the free amino nitrogen or from the amino nitrogen resulting from polypeptide hydrolysis (thereby making the apparent peptide nitrogen less than its probable value since it is obtained by difference) it can be legitimately added to the determined forms of nitrogen in table II of the sap of the tops to calculate the undetermined or "rest" nitrogen by subtraction from the total soluble nitrogen. The data indicate no significant change in this "rest" nitrogen.
In view of the evidence that the leaf proteins of corn contain over 14 per cent. arginine (3), it was desired to determine to what extent this amino acid was a portion of the amino acids synthesized. Because of the lack of material for precipitation and purification of arginine, the basic amino acids were precipitated from the hydrolysate mentioned above by the procedure of UMBREIT and WILSON (35) except that the precipitating volume was doubled by the addition of distilled water and enough sulphuric acid to maintain the sulphuric acid at the concentration recommended. Dilution is necessary because of the low solubility of the phosphotungstates of some of the nonbasic amino acids according to Vickery in a communication to THOMAS (34) . Table II indicates that the nitrogen precipitated by this reagent during the period of ammonium nutrition is almost doubled. The increase of 92 mg. N/kg., in the basic nitrogen, only a small portion of which is probably a-amino nitrogen determinable by the Van Slyke procedure, is only a small fraction of the increase of 1740 mg. residual a-amino N/kg. noted. There- fore, it appears probable that histidine, lysine, and arginine do not constitute an important portion of the residual amino nitrogen elaborated.
As previously mentioned, alkaloids are generally considered to be very low or non-existent in the Monocotyledoneae, but it was deemed advisable to determine if there was any synthesis of this class of compounds under the special conditions imposed by the experiments. Alkaloid nitrogen was estimated on the hydrolysate of experiment 2 by the colorimetiqic determination of bismuth precipitated by the combination of alkaloids and betaines with KBiJ4 according to the procedure of KLEIN and LINSER (15) . Using their atomic ratio Bi: N equals 1: 2 for the precipitate as determined for stachydrine and trigonelline, this form of nitrogen was found to amount to about 10 mg./kg., an insignificant proportion of the soluble nitrogen, and showed little variation under the conditions of ammonium nutrition. RESIDUAL *-AMINO 
THE SITE OF AMMONIUM METABOLISM
The data of table I graphed in figures 1, 2, 3, and 4 for ammonia, glutamine, asparagine, and residual amino nitrogen, respectively, on a dry weight basis for the roots and tops show the rate of accumulation of these compounds. From figure 1 it is apparent that the ammonium gradually increases in the roots as the external concentration was raised, but that in the tops it did not accumulate until it had reached a relatively high level in the roots. Glutamine, asparagine and residual amino nitrogen accumulated more rapidly and reached much higher values in the roots than they did in the tops.
In figure 2 a loss of glutamine is indicated from the roots for the interval 3 to 6 days which amounted to a total of 7.1 mg. of glutamine nitrogen, but the tops gained duringf the same period 19.7 mg. of glutamine nitrogen. evidently translocated from the roots. That there may be rapid translocation from root to shoot of amide nitrogen has been shown in experiments to be reported later in which plants purposely increased in amide content by the technique described here and then transferred to solutions lacking nitrogen rapidly lost practically all of the glutamine and part of the asparagine from the roots.
As in all experiments with intact plants relative amounts of constituents may not reflect the primary centers of synthesis because of rapid translocation. However, the evidence offered here suggests that the ammonia is largely combined with organic precursors of the amides and amino acids in the roots and that these are translocated upward into the tops. Consistent with the explanation that ammonia is largely metabolized in the roots is the fact that ammonia does not appear in the tops in appreciable amounts until the roots have apparently reached their capacity to assimilate it as fast as it is absorbed. This formation of amides and amino acids in the roots has its parallel in other work since excised roots of barley in ammonium solutions elaborate amides, largely glutamine, which accumulate in the roots (10) , beet roots synthesize glutamine from absorbed ammonium (40), and apple rootlets reduce nitrate with the formation of amino acids (33) . Discussion One of the most conspicuous effects of ammonium nutrition on corn was the rolling of the leaves and other indications of moisture deficit within the plant. This was apparent in the decrease in moisture content of the tops before the leaves showed visible indications. A similar effect of ammonium salts has been noted for the grasses, Phalaris tuberosa L. and Lolium miuti. florum Lam. (25), and ammonium as compared with nitrate nutrition of cotton (12) . VICKERY et al. (44), however, found that tobacco growing in sand culture with varying proportions of ammonium to nitrate nitrogen were higher in moisture at the higher ammonium levels. HAYWARD and SPURR (7) have shown that increasing concentrations of salts markedly lower the water absorption of corn roots and attributed this effect to the increasing osmotic concentrations. Although the relatively high osmotic pressure of the solutions containing (NH4)2SO4 may have contributed to the low moisture content of the tops of the plants in the experiments reported in this paper, when similar plants were transferred to solutions lacking (NH4)2SO4, in experiments to be reported later, the plants continued to show symptoms of severe water deficit to the termination of the experiment (8 days) indicating that the water deficit was dependent to a great extent on changes occurring during the period of ammonium nutrition. PEARSALL and EWING (23) concluded from experiments with a variety of plants grown with different levels of nitrate in sand culture that the increased water content noted with increasing nitrogen supplies was dependent on the increased pH of the expressed sap affecting the swelling of the proteins. However, in the experiments reported here decreasing water content was noted with increasing supplies of ammonium sulphate and with increasing pH of the expressed sap. It is evident that the relations between water content, pH, and nitrogen nutrition are complex. Whether the loss of turgor noted in these experiments was due to depressed absorption of water, to a higher rate of transpiration, or was due to some physical or metabolic factor or factors controlling the hydration of colloidal and cell surfaces was not determined. Tables I and II indicate (31) has shown to the fact that the typical amide of a plant is both synthesized and decomposed more rapidly than the other. Therefore, under certain conditions in which amides are being depleted in corn, glutamine might occur in excess of asparagine.
In table III the data for tops and in table IV the data for the entire plant indicate that residual amino nitrogen may occupy a position as important as that of asparagine in the metabolism of ammonium. However, this is not always true as indicated by experiment 1 in which the gain in total residual a-amino nitrogen amounted to less than half the increases in total asparagine nitrogen for 12 plants for the periods 0-3 days, 0-6, and 0-13 days. Table I indicates that all of this gain of residual amino nitrogen for the 0-3-and 0-6-day periods was in the roots rather than in the tops. The limited data of table III for peptide nitrogen indicate that this fraction also accounts for a large part of the increase in soluble nitrogen and that the basic nitrogen and humin nitrogen account for but little of the increase. The data of tables III and IV indicate that the various categories of nitrogen compounds do not increase in equal proportion when ammonium is supplied. Thus for 15 plants the increase in glutamine was 9.68 times the original value whereas the increase of residual amino nitrogen amounted to only 2.05 times its original value. Hence, no simple equilibrium relations exist between the ammonia, the respective amides, and the other compounds, but that the proportions are controlled by the enzyme systems and the energetics of the protoplasm itself.
These experiments place corn in that group of plants which contain appreciable amounts of both glutamine and asparagine and are capable of synthesizing both amides under appropriate conditions as distinct from the group which accumulate only glutamine like the beet (40) and the tomato (41) or that group which accumulates only asparagine like Sudan grass and Kikuyu grass (47, 48). CHIBNALL (2) and VICKERY and PUCHER (39) have considered amide formation to be a regular phase in the respiratory metabolism of the plant in contrast with the older view that their occurrence was for the sole purpose of detoxicating ammonia. In accordance with this view the accumulation of ammonia eventually noted in the sap of the plants in these experiments can be regarded as a consequence of a rate of absorption exceeding the capacity of the system to metabolize it to amides, amino acids, and other nitrogen compounds perhaps due to the limited rate at which certain essential precursors are produced.
Several investigations (23, 25, 32) have shown that the amino acid content of a plant may be increased either by the amount or the form of nitrogen supplied. Unfortunately, in many investigations ammonia and glutamine amide nitrogen are not removed before the a-amino nitrogen is determined; so that the resulting values are higher than they should be. If this correction is made and if the treatments are compared on a residual-amino nitrogen basis, there is frequently little change. These experiments show that the residual amino nitrogen may be altered by ammonium nutrition, and hence, this fraction in corn occupies an important position in the assimilation of ammonium. Evidence has shown that only a small part of the increase observed can be in the basic amino acid fraction. The remainder of the increase may consist of a whole series of amino acids, or it may be an increase in only one amino acid. There is the possibility that glutamic or aspartic acids may be synthesized in addition to that proportion of each associated with the respective amides. However, WOOD and CRUICSHANK (47) have shown with Kikuyu grass that the aspartic acid content closely paralleled that of the asparagine. That the amino acids are not synthesized in the same proportion as they occur in the leaf proteins has been indicated by the low proportion of basic amino nitrogen synthesized in relation to its proportion in the proteins of corn and by the large amounts of glutamic acid and aspartic acid associated with the amides. WOOD and CRUICSHANK (47) have shown that in starving grass leaves in which proteins were being hydrolyzed, the amino acids are preferentially oxidized, cystine being the most rapid; and this results in a different proportion in the free amino acids as compared with those in the original protein. In these experiments with corn, there is no reason to believe that the amino acids would be synthesized in proportions similar to that of the proteins. If such a phenomena did occur differential oxidations might alter the proportions. showing nitrogen deficiency symptoms on the lower leaves rapidly absorb nitrogen from a complete nutrient solution containing (NH,4)2SO4 and continue to increase in weight. 2. In time studies in which the (NH4)2SO4 concentration was gradually increased to produce toxicity symptoms, injury did not appear until the soluble nitrogen constituents of the plant sap had reached relatively high levels. The most notable toxicity symptoms were severe water deficit and necrotic areas on the leaves and leaf tips.
3. Analysis of the expressed sap showed that large amounts of glutamine, asparagine, a-amino and other forms of soluble organic nitrogen accumu-
